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Manganese and Extrapyramidal Disorders 
(A Critical Review and Tribute to Or. George C. Cotzias) 

ANDRE BARBEAU 

Department of Neurobiology: InMiiui de recherches cUniques de Montreal. 
IIO avenue des Pins ouesl, Montreal, Que, Canada 

ABSTRACT: In this essay we first review the important contribu
tions of Dr. George Cotilas to the understanding of chronic • 
manganese intoxication and of manganese metabolism in man 
and animals. We also indicate the original contribution ot Dr. 
John Donaldson to the mechanism of the neurotoxicity of man
ganese, tn a second phase, the author challenges the tenet that 
Parkinson's disease is a form of chronic manganese intoxica
tion and that manganism is an experimental model for Parkin
son's disease. Clinical, pathological, experimental and bio
chemical evidence are brought to bear on this argument. 
Thirdly the author proposes that the necessary event fo the 
so-called "depigmentation" of the substantia nigra and subse
quent bradykinetic "low dopamine" syndrome is en early 
enhanced turnover of dopamine. Manganese intoxication is 
only one of the factors which may serve aa a trigger to this event. 
Many others are also listed. In opposition to current views, who 
look for ceusal factors in Parkinson's disease along the path
ways for melanogenesls. the author thus proposes a novel 
hypothesis which envisions a variety of transient "trigger fac
tors" acting at the dopamine synapse to increase dopamine 
turnover. In turn, this Increased synthesis of dopamine favours 
the production of lerge quantities of free radicals within the cell 
bodies in the substantia nigra, eventually overflowing the sca
venging capacity of neuromelanln and their protective barrier, 
and causing cell death. The resulting decreased pool of 
dopamine-produclng cells leads to a self-perpetuating situation 
ot ever increasing demand on the remaining cells, end "pro
gression "of the disease. Finally the author stresses the tact that 
genetic factors may play a role In an Individual's susceptibility to 
such triggers. Again defective manganese transport, metabo
lism or binding are only some ot the mechanisms possibly 
underlying such genetic predisposition to Induced basal gan
glia disorders. Further studies relating to manganese in these 
disorders and particularly in Parkinson's disease should focus 
not on the "intoxication" part of the overload end its striate-
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pallidal consequences, but on the intimate mechanism of des-
tabitization of the homeostatlc regulator in neuromelanin bear
ing cells, even after the exposure period. 

toy wo rds : Manganese , M e c h a n i s m o l Neu ro tox i c i t y , Subs tan t ia N ig ra , 
D o p a m i n e Tu rnove r , N e u r o m e l a n i n , Qene l l c Factors 
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I N T R O D U C T I O N 

The present S y m p o s i u m is o rgan ized 
in m e m o r y o f one o f the f o remos t med ica l 
scientists o f o u r l i m e , a m a n bet ter k n o w n 
in the pub l i c fo r his p rac t i ca l a c c o m p 
l ishments in the t rea tment o f Pa rk inson ' s 
disease, but one w h o shou ld be r e m e m 
bered by col leagues f o r his o u t s t a n d i n g 
c o n t r i b u t i o n s l o the u n d e r s t a n d i n g o f the 
ro le o f t race metals i n Ihe b r a i n . George 
C o 17ias personal ized the very m a k e - u p o f 
wha l a c l in ica l scientist shou ld be: f i r s t , 
an astute clinician w h o c a n , no t o n l y l o o k 
at a var ie ty o f phenomena , bu t ac tua l l y 
see Ihc inconsis lancies a n d pa radoxes o f 
i hc c l in ica l p ic tu re and thus f o r m u l a t e 
i n t e l l i g e n t q u e s t i o n s t o be a n s w e r e d ; 
second a scientist w h o can imag ine new 
ways l o tack le thc p r o b l e m in e x p e r i m e n 
tal mode ls , f r o m s imp le , a lbe i t o r i g i n a l , 
w o r k i n g hypotheses; and t h i r d , a physi
cian, who can leave the l a b o r a t o r y , a n d 
re tu rn w i t h h u m a n i t y l o the pa t i en t , t o 
i r y - o u l new therapeut ic approaches based 
o n his results and obse rva t i ons . George 
Co17.ias was deservant o f f i rs t place i n a l l 
three parts of th is t r i l o g y . 

F r o m 1963 l o his d e a t h , because o f 
my o w n research, 1 had the occas ion l o 
f o l l o w closely e v e r y t h i n g that George 
pub l i shed . As I w i l l sho r t l y d e m o n s t r a t e , 
ou r paths crossed a l a n u m b e r o f po in ts , 
and so occas iona l ly d i d o u r swo rds , bu t 
a lways w i t h the f r i endsh ip o f respect and 
the f i n a l i t y o f honesty . D u r i n g m a n y o f 
these exc i t i ng years, I had the pleasure o f 
hav ing i n my d e p a r t m e n t a n ex t reme ly 
b r i l l i a n t a n d capab le b i o c h e m i s t w h o 

t o d a y is o u r c h a i r m a n , J o h n D o n a l d s o n . 
Toge the r we f o l l o w e d a pa th somet imes 
pa ra l l e l , somet imes qu i te d i f fe ren t l o that 
o f D r . C o t z i a s . b u t it is Ihe purpose o f the 
f o l l o w i n g presenta t ion l o i l tus t ra le how 
o u r ideas were i n fact convergen t , the 
end-resul t l ead ing , we hope , t o a better 
unde rs tand ing o f e x t r a p y r a m i d a l dis
orders . A l t h o u g h you w i l l f i nd lhat my 
personal i n t e r p r e t a t i o n o f the facts l o be 
rev iewed m a y d i f f e r f r o m those o f George 
Co t z i as , o r even o f J o h n D o n a l d s o n , the 
pu rpose o f th is p resenta t ion ts l o s t imu
late d iscuss ion , l o chal lenge even when 
appa ren t l y c r i t i c i z i ng . George Cotz ias ' 
f r iends w i l l recognize in th is his favor i te 
me thod o f c o n f r o n t a t i o n . 

P A R T O N E : 
A C O N V E R G E N C E O F I D E A S 

Cotz ias and Manganese 

Manganese, and i ts m e t a b o l i s m , w « 
George Co tz i as ' f i rst and everlasting 
l e i tmo t i v in research: f r o m 1953, and wilh 
a var ie ty o f co l l abo ra to r s , he pursued iu 
invest iga t ion sys temat ica l ly , conv inced at 
he was lha t i n i is myster ies lay the expla
n a t i o n f o r many o f t h e c l i n i c a l manifesta
t ions o f e x t r a p y r a m i d a l d isorders . Fin i 
he s tud ied the p a r t i t i o n o f manganese 
a m o n g organs and organel les , l o demon-

• s t ra le i ts a c c u m u l a t i o n in the l iver and 
pa r t i cu l a r l y in m i t o c h o n d r i a (Maynard 
and Cotz ias , 1955) and thereaf ter the high 
speci f ic i ty o f i ts pa thway in m a n , wi l t 
a b s o r p t i o n t o t a l l y dependent o n intake, 
a n d h o m e o s i a l i s m r e g u l a t e d a I moi l 

ent i re ly by the ra le o f e x c r e t i o n in the b i le 
and intest ines ( B o r g a n d Co tz ias , 1958; 
Cotzias and G r e e n o u g h , 1958). I n his f i rst 
review o f the p r o b l e m s associated w i t h 
our unders tand ing o f manganese m e t a b o 
l ism (Co tz ias , 1958), Co tz ias was able t o 
ou t l ine some o f the inconsistencies a n d 
quest ions that w i l l cha l lenge h i m and his 
co l labora to rs f o r m o r e t h a n 20 years: 
manganese is a n essent ial n u t r i e n t , and is 
apparent ly m a i n l y i nvo l ved i n o x i d a t i o n -
r e d u c t i o n processes. W h i l e de f i c i ency 
slates appear l o man i fes t themselves w i t h 
a tax ia , ch ron i c p o i s o n i n g is accompan ied 
by e x t r a p y r a m i d a l s y m p t o m s . It is at this 
moment (1958) lha t Co tz ias s ta led f o r the 
f irs! t ime that Parkinsonism may be a 

form of chronic manganism. W i t h Ihe 
ava i lab i l i ty o f n e u t r o n a c t i v a t i o n analysis 
at B rookhaven , Co iz ias and his col leagues 
had a p o w e r f u l t o o l f o r the s tudy o f th is 
p r o b l e m ( P a p a v a s i l i o u a n d Cotz ias , 1961; 
Coizias, M i l l e r and E d w a r d s , 1966) and 
of ihe many in te r re la t ions between m a n 
ganese and o the r t race e lements, p a r t i c u 
larly magnes ium, i n n o r m a l a n d e n d o c r i 
no log i ca l ^ m o d i f i e d slates (Cotz ias . I960; 
1961; H u g h e s a n d C o t z i a s , 1961; Hughes, . 
Mi l le r and Co tz ias , 1966). I n th is s tudy , 
the authors made one o f t he i r f i rst c r u c i a l 
and unexpected obse rva t i ons : wh i l e in 
vitro manganese c o u l d a lmos t a lways 
replace m a g n e s i u m , th is was no t at a l l the 
case in vivo. I h i s d i c h o t o m y was recon-. 
ciled by d e m o n s t r a t i n g l h a l in vivo man
ganese assumes valences higher than 2, 
while magnes ium does no t . I h e l i v i n g 
organism appears t o be ab le l o d i f f e r e n 
tiate between these states. Consonan t 
wilh this p r o p e r l y is Ihe behav io r o f r ad i o 
manganese w i t h i n (he body . T h u s it was 
found that o n l y manganese can displace 
rad iomanganese a n d l h a t manganese 
turnover is t o t a l l y dependent o n in take . 
Its excret ion is a lmost en t i re l y feca l , wh i le 
lhat of magnes ium is t h r o u g h the k idney . 
This meant that the pathway of manga-
ntse through the body is highly specific 
i n d that , in some w a y , th is i m p o r t a n t 

e lement is sequestered f r o m Ihe o lhers 
( C o t z i a s . 1962; Hughes , C o i z i a s . and 
C r o n k i l e , 1962; Cotz ias and Papavasi-
l i o u , 1964; B e r t i n c h a m p s , M i l l e r and 
Cotz ias , 1966). 

Such observat ions i nev i tab l y led to 
the second scries n f m a j o r exper iments : 
the inves t iga t ion o f b i n d i n g mechanisms 
f o r manganese. T h e existence o f more 
t han one chemica l species o f manganese 
i n Ihe body was demons t ra ted (Co iz ias 
and Papavas i l i ou . 1962). A p ro te in was 
then d iscovered by Ber i i nchamps and 
Cotz ias (1959), i n h u m a n p lasma, wh ich 
b inds manganese, l l was cal led i rans-
m a n g a n i n , because, a l t h o u g h a Bt . g lo 
b u l i n , i l was fel l t o be d i f fe rent f r o m 
t rans fe r r i n ( the i r o n b i nd ing pro te in) . 
F u r t h e r m o r e , Bo rg and Cotz ias (1958a) 
b rough t f o r w a r d evidence w h i c h supports 
the fact that m a m m a l i a n and h u m a n red 
cells have one o r more p o r p h y r i n s w h i c h 
con ta i n manganese instead o f i r on . 

Cotz ias and co l labora to rs (Cot?ias 
elal, 1961) had noted t h e c l i n i c a l s im i l a r i 
ties between the e x t r a p y r a m i d a l symp
toms caused b y p h e n o t h i a z i n e s a n d those 
o f ch ron i c manganese po i son ing , and 
invest igated the effect of' chlor promazine 
on manganese binding. I t was shown 
( B o r g and Co iz ias , 1958b) tha i C P Z may 
c o m p e t e f o r m a n g a n e s e w i t h t i ssue 
l igands, thereby a l te r ing thc d i s t r i b u t i o n 
o r ava i l ab i l i t y o f trace metals w i i l i j n ce l l s . 
C P Z speci f ical ly comb ined in vitro w i t h 
M n * " , and this was quenched by E D T A . 
A ch romogen i c react ion between pheno-
t h i a z i n c s a n d manganese was f i n a l l y 
s h o w n t o be due l o Ihe f o r m a t i o n o f a 
s e m i q u i n o n e f ree r a d i c a l i o n i n (he 
c h r o m o p h o r e ( B o r g and Co iz ias , 1962a. 
1962b). I t was hypothesized f r o m ex i rap -
o la t i ons o f these exper iments that one 
i m p o r t a n t phys io log ic role o f ce l lu lar 
t race metals l i ke manganese, may be to 
serve in the formation of the free radical 
intermediates involved in oxidative meta
bolism (Co iz ias and Borg , (962). 

Th is observa t ion led d i rec t ly i n to thc 



t h i rd series o f expe r imen ts . T h c a i m o f 
these studies was t o d iscover whether 
manganese of fered p romise as a genera
to r o f free radica ls in some o the r system 
o f o b v i o u s b i o l o g i c a l s i g n i f i c a n c e . 
Melanin had been descr ibed as indeed 
being r i ch in free rad ica ls . H a i r , selected 
on the basis o f i ts c o l o u r , was f o u n d t o 
c o n t a i n increas ing concen t ra t i ons o f free 
radica ls w i l h inc reas ing darkness o f t he 
specimens. M e l a n i n was thus s tud ied b i o 
chemica l l y . I t was s h o w n (Co tz i as , Papa -
v u s i l i o u a n d M i l l e r , 1964) tha t d a r k s t ruc
tures o f every i n d i v i d u a l e x a m i n e d c o n 
ta ined m u c h h igher concen t ra t i ons o f 
manganese than d i d the wh i t e ones. I n 
v i e w o f t h i s f i n d i n g manganese was 
assigned to the final, auto-oxidative steps 
of melanogenesis and a large series o f 
invest igat ions, pa r t i cu la r l y w i t h B o r g and 
V a n W o e r t , led l o Ihe conc lus i on l h a l 
me lanosomes , o r spec i f i c c y t o p l a s m i c 
organe l les ( P o l y m e l a n o s o m c s ) , are t o 
melanocytes what m i t o c h o n d r i a are t o 
non -p igmen ted cells: b o t h c o n t a i n large 
concent ra t ions of manganese and free 
radica ls (P rasad , J o h n s o n and Co tz ias , 
1965; Van W o e r t , N i c h o l s o n and Co tz ias , 
1967). 

I n p r imates the greatest in tens i ty o f 
p i gmen ta t i on is i n the substantia nigra 
(Scherer. 1939). i t is we l l k n o w n , o f 
course, l h a l severe d e p i g m e n t a t i o n occurs 
in the substant ia n ig ra , i n the l o c u s c o e r u -
lueus and i n the do rsa l nuc leus o f the 
vagus in Park inson 's disease, bu t it is less 

• we l l recognized tha t these areas are in tac t 
in a lb inos (Fo ley M i d Bax te r , 1958). T h e 
cells o f the substant ia n ig ra appear t o be 
melanocytes and t o c o n t a i n free rad ica ls 
( B o r g , 1974). Spec t ra l s tudies o f Ihe p ig 
ment o f the subs tan t ia n ig ra led l o a b e l 
ter unde rs tand ing o f the b iochemis t r y o f 
n c u r o m e l a m i n ( V a n W o e r l , 1974; V a n 
Woer t and A m b a n i , 1974). Thus no t y ros 
inase is present in the subs tan t ia n i g r a . 
O n the o ther h a n d , d o p a m i n e is easi ly 
a u t o - o x i d i z e d t o f o r m m e l a n i n . T h e 
sem iqu inone free rad i ca l o f m e l a n i n can 
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act as an e lec t ron acceptor . F i na l l y , i l was 
s h o w n that m e l a n i n is a lso react ive w i t h 
several d rugs , pa r t i cu la r l y phenoth iaz ine 
c o m p o u n d s . T h e link between manga
nese, melanin, and the extrapyramidal 
system had n o w been made , (Co tz ias , 
1966) and it was permiss ib le t o s tudy the 
me tabo l i sm o f th is t race e lement t n a var
iety o f d isorders o f movemen t . This w o u l d 
be the nex t , and most i m p o r t a n t , phase of 
D r . Colz ias 's w o r k . 

T h e s tudy o f m iners exposed to 
chronic manganese overload was Ihe nat
u r a l f o l l o w - u p t o these basic observa
t i ons , pa r t i cu la r l y since m a n y o f the m i n 
ers presented w i l h e x t r a p y r a m i d a l symp
toms . This was accompl ished w i t h the 
c o o p e r a t i o n o f C h i l e a n n e u r o l o g i s t s 
(Co tz ias , B o r g and Ber t inchamps.1960; 
M e n a et al, 1967; Cotz ias et al, 1968). l i 
was s h o w n lha t ch ron i c manganese po i 
s o n i n g d i f f e r s f r o m W i l s o n ' s disease. 
Su rp r i s i ng l y tissue burdens o f manganese 
were f o u n d t o be h igher in " h e a l t h y " min
ers t han i n ex -miners removed f r o m the 
mines because o f the i r ex t rapy ram ida l 
disease o r men ta l changes ( " l ocu ra man-
g a n i c a " ) . These s y m p t o m s inc luded 
b radyk ines ia , pos tu ra l d i f f i cu l t i es , p rom
inent r i g i d i t y , some t r e m o r and occasion
a l l y s ign i f icant dys ton ia . T u r n o v e r .of 
rad ioac t i ve manganese was s igni f icant ly 
faster i n "hea l t hy " exposed miners t han in 
the e x t r a p y r a m i d a l pat ients or t han in 
c o n t r o l n o r m a l subjects. H a i r manganese 
c o n c e n t r a t i o n was o n l y e levated i n the 
" h e a l t h y " exposed miners . T h u s these 
observat ions demons t ra ted that manga-
nese ove r l oad was present on l y d u r i n | 
exposure and was not in pa ra l le l t o the 
presence or e x t r a p y r a m i d a l s y m p t o m s . It 
is thus not necessary to maintain high 
tissue levels of manganese to have neuro
logical disease. This cap i t a l , and unex
pec ted , f i n d i n g d i f f e r e n t i a t e d chronic 
manganese po i son ing f r o m Wi lson 's dis
ease a n d , as n o w p red ic ted , che la t in j 
agenls were o f no value in t rea tmen t , li 
was thus necessary t o t u r n t o o the r poss 
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ble therapeut ic approaches. 
Melanocyte-slimulaling hormone ( 0 -

M S H ) is capab le , i n i n t e g u m e n l a l me lan 
ocytes, o f increas ing me lan in depos i t i on 
( l .erner , Sh i zume and B u n d i n g , 1954). 
This p h e n o m e n o n is w e l l - k n o w n in f rogs. 
0 - M S H can also reverse Ihe effects o f 
ch lo rp romaz ine ( K r i v o y a n d G u i l l e m i n , 
1961). F o r these I w o reasons, 0 - M S H 
was t r ied i n P a r k i n s o n i a n pat ients i n an 
effort l o r c p i g m c n i thc damaged subs tan
tia nigra (Co iz ias , V a n Woer t and Schi f fer , 
1967). U n f o r t u n a t e l y Ihe P a r k i n s o n i a n 
state was revers ib ly aggravated by the 
a d m i n i s t r a t i o n o f th is h o r m o n e and th is 
approach was a b a n d o n e d . 

The L - D o p a S t o r y 

A t th is stage i n o u r s to r y it w o u l d be 
of interest t o a b a n d o n Cotz ias and his 
studies and t o t u r n back a few years l o my 
own l a b o r a t o r y l o unde rs tand the back
ground f o r the next i m p o r t a n t phase o f 
ihe Cotz ias saga. A s I was c o m p l e t i n g my 
post-graduate studies in M o n t r e a l in 1956 
and 1957, i m p o r t a n t deve lopments were 
occur ing i n the unde rs tand ing o f b io 
chemical events w i t h i n the basal gang l ia 
of (he b r a i n . C a r l s s o n c / a / . ( I95R) , Bert ler 
and Rosengren (1959) , as we l l as Sano 
and c o l l a b o r a t o r s (1959) had d e m o n 
strated Ihe presence o f d o p a m i n e w i t h i n 
thc b r a i n , and p a r t i c u l a r l y w i t h i n Ihe 
basal gang l ia . W h i l e t r a i n i n g in neuro
logy in C h i c a g o i n I9S8, I had the p lea
sure o f l i s ten ing t o Professor Ca r l sson 
lectur ing at a meet ing i n W a s h i n g t o n . A t 
the t ime , I had been s t u d y i n g ca techo la 
mine excre t ion i n va r ious neuro log ica l 
disorders, and had f o u n d abnorma l i t i es 
in ihe u r ine o f P a r k i n s o n i a n pat ients 
(Barbeau., 1961). A f t e r that lecture. I 
decided l o s tudy Ihe specific exc re t i on o f 
dopamine in Park inson 's disease. I n Ihese 
pre l iminary studies, as we l l as in more 
detailed later inves t iga t ions in Professor 
Sourkes* l a b o r a t o r y i n 1959 and I960 
(Barbeau, M u r p h y and Sou rkes . 1961) 
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we were able l o c lear ly demons t ra te a 
s ign i f i can t l y decreased u r i na r y e x a c t i o n 
o f d o p a m i n e in Park inson 's disease. It is 
o f interest t o note that wh i l e I was car ry 
ing ou t Ihese exper imen ts , one o f my 
good f r iends, a lso t r a i n i n g a l (he Univer 
s i ty o f C h i c a g o , was D r . M e l v i n Van 
W o e r t , who was to p lay such an impor 
tant ro le in the s tudy o f me lan in in Dr . 
C o t z t a s ' t a b o r a t o r y a n d w h o , t h roughou t 
the years between 1959 and 1967. kepi in 
t o u c h w i l h me and my D O P A studies. 

A l the same l i m e and independent ly . 
Eh r inger and H o r n y k i e w i c z ( I 960 ) re
p o r t e d s im i ta r d o p a m i n e def ic i ts in Ihe 
b ra in o f Pa rk inson ian pat ients , pa r t i cu 
la r ly i n the basal gangl ia . It was thus nat
u ra l fo r b o t h ou r g roups t o a t tempt 
replacement therapy w i t h d o p a m i n e , but 
th is fa i led because o f the b l ood -b ra in bar
r ier t o d o p a m i n e itself. W e then tu rned to 
Ihe na tu ra l precursor : L - D O P A . (Bar
beau, 1961; B i r kmaye r and H o r n y k i e 
w icz , 1961; Barbeau 1962), e i ther in t ra 
venous ly or o ra l l y ; f o l l o w i n g the crucia l 
observat ions o f Car lsson , l . indqu is t and 
Magnusson ( 1957) who had demonst ra ted 
t h a i L - D O P A c o u l d reverse the e x i r a p y -
r a m i d a l symp toms induced by reserpine. 
As is w e l l - k n o w n , these ear ly exper iments 
i n Park inson 's disease were successful 
and the phys io log ica l reversal o f r ig id i ty 
and akinesia i n Park inson 's disease was 
c lear ly demons t ra ted . A l t h o u g h Iwo s im
i la r studies were subsequent ly negative 
( M c G e e r and Ze ldowicz , 1964; Feh l ing 
1966), by 1968 the bu l k o f 32 pub l i ca t ions 
were suppo r t i ve o f these f ind ings (Bar 
beau, 1969). I had Ihe pr iv i lege l o present 
o u r o w n results w i l h L - D O P A in B rook 
haven, in D r . Co tz ias ' depar tmen t , on 
t w o occasions, i n 1963 and 1966. and lo 
discuss w i t h h i m Ihe I hcra petit ic potent ia l 
o f th is a p p r o a c h , wh ich was then ex
t remely expensive. By the second visit lo 
L o n g I s land , D r . Cotz ias had just c o m 
pleted h i s / 3 - M S H studies and was postu
l a t i n g l h a t the h o r m o n e was s h i l l i n g 



ta 

OOI 'A. the precursor of melanins and 
biogenic amines, from the brain to the 
integument. He was then attempting io 
treat Parkinsonian patients with progres
sively higher dosages of DL-DOPA. 

This stepwise, gradual, titration of 
I.- OOP A lo very high levels, based on the 
biochemist approach to enzyme satura
tion, was the genial contribution of Cot
zias and (he key lo the therapy of Parkin
son's disease (Cotzias, Van Woert and 
Schiffer, 1967). The subsequent story of 
L-DOPA therapy, of its use in manga* 
nism, of its complications, of the improve
ments with DOPA decarboxylase inhibi
tors and dopa analogs, and the seminal 
role played by Cotzias and his collabora
tors in its development (Cotzias, Papava-
siliou and Gellcne, 1969; Cotzias, 1969; 
Mcna ei al, 1970; Coizias *•/ al, 1970; Cot
zias et al, 1971) are well-known and have 
been detailed by me in a number of publi
cations (Barbeau. 1969; Barbeau, 1976; 
Barbeau and Roy, 1976). I will therefore 
not review ihem here except to again 
stress their importance. However, it 
should be noted lhat Ihc Brookhaven 
group was instrumental in demonstrating 
thc important link existing between bio
genic amines and manganese {Papavast-
liou et al. 1975). This link could be 3',5' 
cyclic A M P . In sequential analyses, the 
authors demonstrated also significant 
correlations between levodopa-induced-
dopamine dyskinesia and the concentra
tion of dopamine and manganese. By 
studying a genetically abnormal species 
of mice, pallid, they showed that trans
portation of manganese and of L-DOPA 
was slower in these animals, and they 
demonstrated a remarkable resistance lo 
the effects of orally or intraperitoneal^ 
administered L-DOPA (Coizias et al, 
1972). The maturation and function of 
the dopamine apparatus may thus be 
manganese dependent. Furthermore, 
genetically controlled metabolic predis
positions (like in Ihe pallid mouse) must 
be coupled with environmental factors 
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before respective diseases can be induced. 

Donaldson and Manganese 
A third convergent series of experi

ments bearing on the present symposium 
must now be recounted, since they con
tribute new and important facts to the 
ideas we want to discuss. From 1968 to 
1974, I was fortunate lo have as a colla
borator in my department, our chairman, 
Dr. John Donaldson. From Ihe start, we 
decided that his field of research would be 
the study of trace metals in neurological 
disorders. The basis for this decision was 
a study wc had just completed which con
firmed the link between trace metals, 
phenolhiazincs and catecholamines first 
postulated by Cotzias and his group 
(Barbeau, 1968). Our first studies con
cerned the inhibition of NA*-K*-ATPase 
by different divalent cations and the pro
duction of convulsions or abnormal 
behaviors in animals receiving these metals 
intraventricular^ (Donaldson et al, 1971; 
1972; Izumi. Donaldson and Barbeau, 
1973). This behavior resembled the effect 
of ouabain and enabled us to develop a 
working and reproducible model of epi
lepsy. (Donaldson, Minnichand Barbeau, 
1972). We then used this model to lest the 
role of certain trace metals (particularly 
zinc) and aminoacids in modifying this 
behavior (Izumi et al, 1973a, 1973b, 
1973c). Taurine was found to be extremely 
effective in suppressing seizures (Barbeau 
and Donaldson, 1973; Tsukada et al 
1974; Barbeau and Donaldson, 1974). 

Zinc was nol the only metal of inter
est to us. After determining in detail the 
distribution of various trace elements in 
rai brain regions (Donaldson, et al, 1973a), 
we studied the interaction of such ele
ments upon cerebral monoamines (Bar
beau etal, 1972, Donaldson et al, 1973b; 
Donaldson et al, 1974), demonstrating in 
passing thai a deficiency in magnesium 
was generally accompanied by a brain 
dopamine deficit. At Ihe lime John 
Donaldson left us, we had just turned our 
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attention to manganese and iis possible 
role in neurology and endocrinology, on 
the basis of thc specific accumulation 
noted by him (Donaldson etal, 1973a) in 
ihe corpus striatum and in the hypotha
lamus. Injection of manganese inlo one 
caudate nucleus in rats resulted in a pre
dominant ipsilateral turning behavior. At 
higher doses there were intermittent, 
alternating and dose-related contralateral 
turning resembling dystonia, and the 
production of stereotypies. Finally, bilat
eral injections produced severe brady-
kinesia (Inoue, Tsukada and Barbeau, 
1975). The extremely high concentration 
of manganese in the median eminence of 
the hypothalamus led us to study the 
interaction between manganese and dopa
mine through its effect upon prolactin 
secretion. We clearly demonstrated that 
intraventricular manganese injections 
produced a dose dependent release of 
prolactin (Barbeau, Inoue and Cloutier, 
1976). 

Recently. John Donaldson, now in 
another laboratory, has pursued these 
leads in a series of extremely stimulating 
experiments, where he postulates thai ihe 
possible basis for manganese neurotoxic
ity may be the enhanced autoxidation of 
dopamine by a higher valency manganese 
ion, with increased generation of free rad
icals and cytotoxicity (Donaldson. La 
Bella and Gesser, 1980; Donaldson, 1981). 
This hypothesis is supported in part by 
Ihc studies of Graham and collaborators 
(Graham, 1978; Graham et al. 1978) 
demonstrating lhat manganese favors 
oxidation of dopamine to Ihe corres
ponding semiquinone by M n ' " , a reac
tion which would be followed by autox
idation. In more recent studies lo be 
reported. Donaldson, McGregor and La 
Bella (unpublished) demons! rated almost 
complete abolition of lipid peroxidation 
in the striatum in acute manganese neu-
rointoxicaiion, thus a reduction of free 
radical activity, manganese being an 
effective free radical scavenger, either in 

i t 

its M n " form or in complexes such as 
superoxide dismutase (Kono, Takahashi 
and Asada, 1976; Archibald and Frido-
vich, 1981). It was thus postulated lhal 
endogenous manganese, in its M n " form. 
is normally a scavenger of free radicals 
and thus a homeostaticalty controlled 
protector of the cells. In certain areas 
with high concentrations of HJOJ and of 
oxidative enzymes like peroxidase, such 
as Ihe substantia nigra (Cote and Fahn. 
1979; Ambani, Van Woert and Murphy, 
1975), peroxidase favours Ihe oxidation 
of Mn* to higher valency M n " or Mn*" 
forms (Kenten and Maun, 1950). These 
forms, as shown above, favor the autox
idation of dopamine lo semiquinone and 
the production of toxic free radicals 
(OH", hydroxyl radicals). They, and the 
powerful oxidant Mn '" , would be highly 
toxic to the cells where they are concen
trated. Melanin containing cells appear 
to be the ideal milieu for such interactions 
because of their neurotransmitter and 
free radical make-up. 

Conclusions 

Following three different pathways, 
Cotzias, Donaldson and Barbeau have 
thus indicated that a relationship exists 
between manganese, catecholamines and 
extrapyramidal disorders. This observa
tion is of utmost importance and is ihe 
majorjustiflcation for Ihe present sympo
sium. However, despite the interest of 
these studies, there persists a great deal of 
confusion about the spontaneous extrap
yramidal disease that manganese neu-
rointoxicalion should be a model of: is it 
Parkinson's disease, or dystonia, or both? 
In Ihe second part of this review we will 
address this most crucial point. 

I I : IS MANGANESE 
I N T O X I C A T I O N A M O D E L OF 

PARKINSON'S DISEASE? 

Almost all previous authors, includ-
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ing George Co iz ias ( C o i z i a s , 1958) have 
proceeded o n the assump t i on that ch ron i c 
manganese i n t o x i c a t i o n is indeed a f o r m 
o f P a r k i n s o n i s m , despi te n o r m a l levels o f 
manganese i n a f fec ted m ine rs . F r o m th is 
a s s u m p t i o n , the next theore t i ca l step was 
easi ly t a k e n , and it was soon p roc la imed 
hy some that manganese i n t o x i c a t i o n is a 
model o f Park inson 's disease, and possi 
b ly even the cause o f that d isorder . 

The re is indeed a n impress ive a r r a y 
o f facts and observat ions f a v o u r i n g such 
i n te rp re ta t i ons , bu t we w o u l d n o w l i ke t o 
cha l lenge th is c o n c l u s i o n o n the basis o f a 
c r i t i ca l review o f the c l i n i c a l , p a t h o l o g i 
ca l , b iochemica l and therapeut ic ev idence 
presented in the l i t e ra tu re . By so d o i n g , 
we hope t o generate new a n d i n n o v a t i v e 
ideas f o r f u r t he r research o n the p r o p e r 
place o f manganese i n Ihe pathogenesis o f 
e x t r a p y r a m i d a l d isorders . 

C l i n i ca l Ev idence 

T h e effects o f ch ron i c manganese 
i n t o x i c a t i o n i n m a n have been k n o w n 
s ince Ihe s tud ies o f C o o p e r i n 1837 
( C o u p e r 1837a,b) a n d have been des
cr ibed in many coun t ries: M o r o c c o , Ch i l e , 
C u h a , I nd ia and the U n i t e d States in par
t i cu la r . I h e c l in ica l desc r i p t i on is fa i r l y 
u n i f o r m fo r the s y m p t o m a t o l o g y i n m i n 
ers w h o are exposed t o manganese dust 
i n h a l a t i o n , and has been rev iewed i n a 
m u l t i t u d e o f p a p e r s a n d o v e r v i e w s 
(Casamajor , 1913; Sceler t , 1913; Edsal l , 
W i l b u r and D r i n k e r , 1919; v o n O c t t i n -
gen, 1935; Rod ie r , 1950; Boye r a n d R o d 
ier, 1954; Pena lver , 1955; R o d i e r 1955; 
Pchalver 1957; Co iz ias , 1958; M u r p h y 
and A b b o n a , 1959; Co t z i as , 1962; W y n -
ler . 1962; W h i t l o c k , A m u so and B i t t e n -
bender , 1966; Ba lan i * • / o / , 1967; M e n a r r 
al. 1967; Co tz ias et al, 1968; Leach and 
L i l b u r n , 1978). I n d u s t r i a l manganese 
c o n t a m i n a t i o n , as pa r t i cu l a r l y observed 
in the Un i ted Sta les, is s l igh t l y d i f fe ren t i n 
presentat ion ( T a n a k a and L i eben , 1969; 

- Greenhouse, 1971; C o o k , F a h n and B ra i t , 
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1974). I n bo th g roups fa l igue , somno- ' 
lence, pos tu ra l ins tab i l i t y ( p a r t i c u l a r l y in 
ihe f o r m o f re t ropu l s ion and "demarche 
en pied de coq" ) , sa l i va t ion , masked facies, 
b radyk incs ia and some m i l d r i g i d i t y are 
present. The di f ferences reside i n the 
absence o f psych ia t r i c p r o d r o m a (Ihe 
" l o c u r a mangan ica " ) i n i ndus t r i a l chron ic 
manganese i n t o x i c a t i o n and Ihe much 
more f requent dys ton ia i n miners i n t o x i 
cated by manganese dus l i n h a l a t i o n . 

I n 1973, I was f o r t una te e n o u g h to 
visi t A n d a c o l l o and Ihe C o r r a l Quemado 
M ines i n N o r t h e r n Ch i le w i l h D r . Jaime 
C o u r t and t o e x a m i n e 10 pat ients suffer
ing f r o m the neuro log ica l c o m p l i c a t i o n ! 
o f ch ron ic manganese i n t o x i c a t i o n . These 
10 pat ients are a m o n g the 13 s tud ied in 
de ta i l by Mena et al, (1970). O u r exami 
n a t i o n , a l l o w i n g f o r ag ing o f the patients, 
c o n f i r m s the observa t ions made by these 
au tho r s in (967. H o w e v e r in s tudy ing 
fu r the r thc "clumsiness i n movements" 
and " increased tones " , we were able to 
show that a l l 10 pat ients had increasing 
st i f fness, l o the p o i n t o f b l o c k i n g , wi th 
repeated movements . Th is appeared to be 
due l o an i n a b i l i t y l o a l te rna te contrac
t i o n and d e c o n i r a c t i o n i n the opposing 
g roups o f muscles requ i red f o r Ihc spe
c i f ic repet i t ive movemen t . F u r t h c r c f f o r l i 
a lways p roduced a dys ton ic pos ture of 
ihe l i m b , o f ten accompan ied by pa infu l 
c ramps (as in "w r i t e r s c ramps " ) . " Ih is at l i -
t u d i n a l hype r ton ia had a tendency to 
decrease, or d isappear , in the supine posi
t i o n and t o increase in o r t h o s t a t i o n . The 
hypok ines ia , ce r ta in l y present in most of 
the pa t ien ts , was not o f the s low in i t ia t ion 
type usual in Park inson 's disease, bui 
resembled m u c h more a posi t ive b lock ing 
p h e n o m e n o n , once repet i t ive movemen l i 
were a t t e m p t e d . M o r e o v e r , i n every one 
o f the 10 pat ients , we c o u l d demonstrate 
at some p o i n t in l i m e ihe "demarche en 
p ied de coq " descr ibed by Seelert (1913). 
T h e pa t ien t uses sma l l steps, bu t has a 
tendency t o elevate the heels and t o rotate 
(hem o u t w a r d . He progresses wi thout 

MANGANESE AND EXTRAPYRAMIDAL DISORDERS 
ai 

pressing o n the f la t o f his fee l , bu t on l y 
upon the meta ta rso-pha langea l a r t i cu la 
t ions, m a i n l y o f the f o u r t h and fifth toes. 
This pos tu re m a y be absent u p o n i n i t i a 
t ion o f w a l k i n g , bu t it eventua l ly appeared 
after a ce r ta in d is tance i n every pat ien t , 
unless he f requent ly s lopped f o r rest. 

Thus , o u r o w n personal observat ions 
in 10 cases o f c h r o n i c manganese i n t o x i 
ca t ion in Chi lean miners c lear ly ind icate 
that some f o r m o f dystonia is an a lmos t 
ob l i ga to ry feature o f the disease. It is o u r 
impress ion that reference l o p a r k i n s o n 
ism i n such a s i t ua t i on is on l y va l i d i f a 
compa r i son is made t o pos t -encepha l i t i c 
pa rk i nson i sm (as seen many years ago) 
but n o l l o i d i o p a t h i c Pa rk inson ' s disease. 
Mo reove r , the t r e m o r observed in some 
of the pa t ien ts is q u i t e d i f f e ren t f r o m that 
seen i n Pa rk inson ' s disease. It has m u c h 
more o f an a l t i t u d i n a l or f l app ing qua l i t y 
resembling tha i seen in Wi lson 's disease, 
or f o r tha t ma t te r , i n dys ton ia m u s c u l o 
rum d e f o r m a n s ( J o h n s o n , Schwar t z and 
Barbeau, 1962). H o w e v e r , cases o f m a n 
ganese i n t o x i c a t i o n f r o m i ndus t r i a l e x p o 
sure seem t o be m i l de r in p resenta t ion 
and m u c h closer t o i d i o p a t h i c P a r k i n 
son's disease, p a r t i c u l a r l y as far as the 
bradyk incs ia is concerned ( C o o k , F a h n 
and Bra i t , 1974). 

In summary, the c l i n i ca l evidence 
cannot be used l o c l a i m lhat ch ron i c 
manganese i n t o x i c a t i o n is a f o r m o f Par
k inson ism, except in thc sense o f i he post 
encepha l i t i c -mode l . I t w o u l d be more 
accurate to state lha t th is en t i t y is a model 
aj extrapyramidalbradykinesia ( w h a t we 
and H o r n y k i e w i c z e lsewhere have cal led 
Ihe " l o w d o p a m i n e s y n d r o m e " ) a c c o m 
panied by a dystonic syndrome of a stria
tal nature. T h e appearance o f this second 
syndrome appears t o be re lated t o the 
intensity o f the exposu re t o manganese 
dusl , pa r t i cu l a r l y by i n h a l a t i o n , whereas 
the appearance o f b radyk ines ia is more a 
factor o f the d u r a t i o n o f exposu re , o r 
perhaps m o r e accura te ly , o f ihe length of 
time elapsed since exposure to a manga
nese load. 

Patho log i ca l Ev idence 

As is we l l k n o w n , the classical find
ings in Park inson 's disease are. a depig-
mentation and loss of cells in the substan
t ia n i g r a , locus coe ru leus and do rsa l 
nucleus o f the vagus, o f ten w i l h Ihe pres
ence o f inc lus ions cal led Lewy bodies, 
w i t h l i t l ie or no damage t o the s t r ia tum or 
p a l l i d u m ( A l v o r d et al 1974). The first 
desc r ip t i on o f the p a t h o l o g y o f manga
nese po i son ing is due l o Casamajor in 
1913. but Ash izawa (1927) was the first to 
p rope r l y describe thc b ra in changes. He 
pa r t i cu la r l y emphasized ihe pa l l ida l de
genera t ion . Fu r the r studies were carr ied 
ou t by F l i n l ze r (1931); Ca na van , C o h h 
and D r i n k e r ( 1 9 3 4 ) ; I r end le l ( 1936); Voss 
(1939) ; Pa rn i i zke and Peif fer (1954) and 
m o r e recent ly by B c r n h e i m c r < , / a / ( l 9 7 3 } . 
A l l au tho rs f o u n d lesions evident in Ihe 
p a l l i d u m , caudate nucleus and put a men. 
O n l y the la t i c r au thors repor ted dep ig
m e n t a t i o n and cel l damage in the sub
s t a n t i a n i g r a . T h u s a r e v i e w o f the 
accumula ted pa tho log ica l evidence i nd i 
cates lha t Ihe pa l l i dum-sub tha lam ic n u 
cleus system may be preferent ia l ly d a m 
aged i n manganese e n c e p h a l o p a t h y , 
Cauda te nucleus and pu tan ten are also 
cons tan t l y and severely invo lved . Invo l 
vement o f the substant ia n igra is p roba 
b le, but is less wel l documen ted . 

In summary, the pa tho log ica l evi
dence is compa t i b l e w i l h the c l in ica l 
d i c h o t o m y and under l i es Ihe c l i n i c a l 
a d m i x t u r e o f dys ton ia and b radyk incs ia . 
T h i s is not the classical pa tho logy of i d i o 
pa th ic Park inson 's disease. Some w o u l d 
cal l it a " P a r k i n s o n - P l u s " o r mo reexac i l y 
a Mu l t i -Sys tem disease o f Ihc bra in wh ich , 
inc iden ta l l y , encroaches upon the sub
stant ia n igra . 

Expe r imen ta l Evidence 

T h e e x p e r i m e n t a l p r o d u c t i o n o f 
a n i m a l models o f this disease con f i in i s 
Ihc same overa l l conc lus ions. The f irst 
expe r imen ta l a t tempts a l ch ron ic m a n 
ganese po ison ingda te f r o m Kober i (1906) 
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in rabbits and von Jaksch (1907) in dogs, 
but both were unsuccessful. Lewy and 
Tiefenback( 1921)administered powdered 
brownslone lo rabbits over 3 months and 
observed abnormal postures. Mella(l923) 
injected manganese chloride i.p. lo mon
keys over 18 months and produced 
remarkable extrapyramidal symptoms of 
chorcoalhelosis followed by tremor, rig
idity and extension of the fingers. At 
autopsy, theputamen and caudate showed 
widespread lesions. Grdnslein and Pop-
owa (1929) administered chronically 2 to 
3 g. of manganese dioxide lo rabbits and 
observed severe lesions in the corpus stri
atum, involving mainly the small cells. 
There was also marked glial cell prolifera
tion in the same regions. Van Bogaertand 
Dallemagne (1943) carried out an exten
sive study of monkey brain poisoned wilh 
manganese. They were the first to use 
inhalation of manganese dioxide and 
were able lo observe alternate extension 
and flexion of the upper limbs with 
spreading of Ihe fingers and loes. Ihe' 
authors did not. however, observe a sys
tematic atrophy of the pallidum, or of the 
striatum. There was some atrophy of the 
cerebellum and a diffuse atrophy of Ihe 
grey matter of the anterior horns. 

More recently Pentschew and colla
borators (Penlschew, 1963; Pentschew, 
Ebner and Kovatch, 1963) gave a com
plete and detailed description of the neu
ropathology in monkeys intoxicated with 
manganese dioxide suspended in olive 
oil. Clear-cul dysfunctions of the extrap-

, yramidal system, including dyslonic pos
tures, were seen and, al autopsy, ihe most 
severe lesions were in ihe pallidum and 
subthalamic nucleus. These lesions were 
said to be identical to those reported in 
the 3 cases of human manganese intoxica
tion known to that date, and to involve 
mainly the pallidum. 

Saxena (1967) and Chandra and Sri-
vaslava (1970) used manganese chloride 
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i.p. daily in rats for a period of 180 days. 
Neuropalhological examination per
formed at various intervals showed scat
tered neuronal degeneration in the cere
bral and cerebellar cortex al 120 days 
which increased in intensity up lo 180 
days. The extent of Ihe brain lesions was 
directly related lo the amount of manga
nese in the brain tissue which increased 
with lime. In ihese rals Ihe basal ganglia 
did not reveal any pathological change. 

It is of interest to note lhat Chandra 
and Tandon (1973) have shown lhat a 
deficiency in iron in rat leads to an 
increased accumulation and toxicity of 
manganese in Ihe liver, kidney and testes. 
Histopathological changes were more 
pronounced in ihe liver and kidneys of 
iron deficient rats as compared to Ihe 
findings in rals kept on a normal iron-
containing diet. Finally Gupta, Murthy 
and Chandra (1980) demonstrated in 
monkeys muscular weakness and rigidity 
of the lower limbs after 18 months expo
sure to manganese chloride. For Ihe first 
time, marked neuronal degeneration with 
gliosis, neuronal loss and depigmentation 
was noticed in the region of the substantia 
nigra. Neuromelanin in some cells was 
scanty when compared wilh normal pig
mented cells and was displaced towards 
the periphery. The amount of manganese 
administered produced significant in
creases in the levels of the metal in the 
brain of ihese monkeys. 

In summary, Ihe experimental pro
duction of manganese intoxication in 
animals results in lesions lhat are much 
more diffuse than in Parkinson's disease. 
Although low dose chronic injections in 
primates can produce substantia nigra 
lesions, the damage is usually not con
fined to the brain stem, but can involve 
the striatum, the pallidum and even Ihe 
cortex. Thus again we cannot say that 
manganese poisoning is a model of classi
cal Parkinson's disease. 
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Biochemical Evidence: Behaviour of 
Manganese 

Progress in Ihis field has been directly 
parallel to the availability of exact 
methods of measurement of Ihc trace 
quantities of manganese present in body 
fluids and tissues: neutron activation 
analysis (Papavasitiou and Cotzias, 1961; 
Cotzias, Miller and Edwards, 1966); 
atomic absorption spectroscopy (Suzuki 
and Wacker, 1974) and mass spectromet
ric identification (Hui, Davis and Boul
ton. 1979). A 24-hour rhythm in serum 
manganese levels was even demonstrated 
in rat (Schewing et al, 1968). In monkeys, 
Dastur, Manghani and Raghavendran 
(1971) studied the distribution and fate of 

Mn. They showed tha t different organs, 
and different parts of Ihe nervous system, 
behaved autonomously. The lentiform 
nucleus and cerebellum: exhibited marked 
relative retention in comparison to most 
viscera, ll was suggested that the selective 
vulnerability of the brain in manganese 
miners mighl result from this inability on 
the part of the CNS lo discharge ihe Mn 
with time. However, Bull (1978) observed 
a paradoxical decrease in corpus striatum 
manganese concentrations afier a man
ganese load (MnCIa in drinking water) for 
6 months. 

We should recall the seminal obser
vations of Cotzias and his group (Cotzias, 
Borg and Bertinchamps, I960; Mena et 
al, 1967; Cotzias et al, 1968; Pnpavasiliou 
et al, 1975) who clearly showed an 
increased turnover of M M n in "healthy" 
exposed miners, but an apparently nor
mal load in chronically affected miners 
removed from the mines, ll would thus be 
of great interest to study actual manga
nese content in the brain of miners and in 
those of patients wilh Parkinson's dis
ease. Unfortunately such observations 
•re extremely rare. Larsen el al (1979) 
recently studied the topographical distri
bution of manganese and other metals in 
normal human brain by neutron activa

tion analysis with radiochemical separa
tion. Manganese seems lo be associated 
with Ihe dry mailer of the brain. Thc dis
tribution of manganese in Ihe basal gan
glia (with higher concentrations in the 
nucleus caudalus, globus pallidus and 
putamen than in the thalamus and sub
stantia nigra) was consistently found des
pite some variations in absolute concen
trations. Ihis distribution confirms the 
findings which we had reported using 
atomicabsorption spectroscopy (Barbeau. 
Inoue and Cloutier, 1976). The same 
group of authors (Larsen et al. 1981) 
recently studied manganese and selenium 
in two cases of Parkinson's disease. There 
were no obvious differences in ihe overall 
concentrations of these trace metals from 
the normal control group. Even multivar
iate data analysis failed to reveal any sig
nificant difference in Ihe distribution 
pattern of manganese and selenium in 
Parkinson's disease compared lo normal 
controls, Similar negative results con
cerning manganese were found by us 
(Barbeau and Cloulier, 1975, unpublished) 
in 3 cases of Parkinson's disease. These 
cases were not reported because wc are 
stilt lacking proper age-matched and sex-
matched normal controls. 

On the other hand, elevated manga
nese concentrations have been found in 
some experimental and human condi
tions characterized by extrapyramidal 
symptoms: Bird and collaborators (Bird. 
Grant and Ellis, 1967; Bird et al, 1969) 
found increased manganese levels in Ihe 
putamen and caudate nucleus of rhesus 
monkeys after phenulhiazine treatments 
which produced dystonias, athetosis and 
some rigidity. Chronic administration of 
chlorpromazine resulted in increased lev
els of manganese in the caudate nucleus 
and cerebellar hemispheres in guinea pigs 
(Weiner, Nausieda and Klawans. 1977). 
These authors raised the possibility thai 
tardive dyskinesia may somewhat be 
related lo a mangancse-dopamine inter
action. In a later study (Weiner, Nausieda 



nd Klawans, 1978), they showed that 
hronic administration of a levodopa-
arbidopa combination, of bromocrip-
me or of lergolrile produced significantly 
ucrcased concentrations of manganese in 
II brain areas, wi lh decreased copper 
oncentrations. It is well known, of course, 
hat chronic administration of these drugs 
au produce a variety of extrapyramidal 
uanifestations. Recently, Banta and 
vlnrkcsbcrry (1977), described a patient 
vil l i Alzheimer dementia and extrapy-
amidal signs (cogwheel rigidity, f lexion 
Maturing, bradykinesia, rctropuls ion, 
nasked facies) who had markedly ele-
ated levels of manganese in serum, hair, 
trine, feces and brain. 

In summary, the evidence gathered 
rom the determination of manganese 
cvels and turnover rates in brain and 
iody fluids in idiopathic Parkinson's dis
use docs not support the idea that such a 
liscase is accompanied by chronically 
•tevated manganese concentrations; Nor 
s this the case in experimental models. In 
-itch models, when manganese concen
tration is high, /n perk incite rather than 
'iv/wkinetic symptoms are present. How
ever, it would be worthwhile to gather 
much more information on this point 
'hrough Ihe use of hair and blood deter
minations of manganese (Laker, 1982)in 
i large number of well-defined extra py
ramidal disorders and age-matched nor
mal controls. 

Biochemical Evidence: The Behaviour of 
Catecholamines 

One of the potent arguments in favour 
of the similarity between Parkinson's dis
ease and chronic manganese intoxication 
has been the interaction noted between 
(his melal and catecholamines and the 
biochemical resemblance of the dopa
mine depletion. This has been studied by 
a number of authors since Papavasiliou, 
Miller and Cotzias (1968) demonstrated a 
functional interaction between biogenic 
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amines, cyclic A M P and manganese. The 
following year, Neff, Barrett and Costa 
(1969) showed a selective depletion of 
caudate nucleus dopamine and serotonin 
during chronic manganese dioxide admin
istration lo squirrel monkeys ( M n Oj 
ground in a mortar with olive oil added). 
Norepinephrine concentrations were not 
affected. Mustafa and Chandra (1971) 
confirmed the dopamine deficit in inocu
lated rabbits, but they reported normal 
levels of serotonin and decreased concen
trations of norepinephrine. Pursuing these 
leads, Prasad (1974) demonstrated lhal 
excessof manganese may markedly reduce 
the intracellular level of c A M P by inhibit
ing adenylate cyclase activity and stimu
lating phosphodiesterase activity. Man
ganese, when incorporated, appears lo 
bind to ATP and to displace catecholam
ines in chromaff in granules (Daniels, 
Johnson and Williams 1979). Bonilla and 
Diez-Ewald (1974) then showed that rats 
chronically Ireated wi lh a high oral load 
of MnCIa have decreased concentrations 
of dopamine and HVA in the brain. A 
return to normal values was observed 
after L-DOPA injections. This suggested 
lhat Ihe disturbance could be al the L-
Tyrosine hydroxylase step (Bonil la, 1974). 
However, nol every author could confirm 
these reports. Bull (1978) failed to find a 
decrease in corpus striatum dopamine 
af lera manganese load, usinga protocols 
similar lo that of Bonilla and Diez-Ewald 
(1974). Kimura, Yagi and l tokawa( 1978) 
found lower serotonin concentrations 
afier subacute manganese feeding in 
Wislar rats. They also reported lower 
values of I.-aromatic amino acid decar
boxylase activity. Manganese levels were 
elevated in tissues and this was accom
panied by lower magnesium and calcium 
levels in Ihe brainstem. 

In further studies, Bonilla and his 
collaborators (Bonil la, 1978; 1980; Mar
tinez and Boni l la, 1981) reported an 
increased GAUA content in the caudate 
nucleus of rats; values for L-Tyrosine 
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hydroxylase in neostriatum, midbrain and 
hippocampus, were elevated for the first 3 
months of manganese intoxication, then 
decreased significantly in the neostriatum 
but nol in the other regions studied. Ace-
lylcholinesirase activity diminished in the 
caudate nucleus only in the 8th month of 
intoxication but was not altered in any 
other region. However, Des kin. Bursian 
and Edens (1980)showed/nv/rro that ihe 
addition of manganese lo brain prepara
tions had no direct effect on tyrosine 
hydroxylase activity and that manganese 
does not compete with other physiologi
cally important divalent cations lo cause 
ihe reduction in tyrosine hydroxylase 
act iv i ty seen in vivo af ter chron ic 
exposure. 

These observations lead lo crucial 
experiments by Shukla and Chandra 
(1981) and by Lai and col laborators 
(1982). The first authors investigated the 
turnover rate of striatal dopamine after 
Ihc daily oral admin is t ra t ion of Mn 
Cli.4HjO for 30 days. The turnover rate 
of striatal dopamine, as determined by 
ihc administration of a-meihyl-p-tyrosine 
and measurement of H V A , increased sig
nificant ly in the early phase of manganese 
intoxication in rals. Similarly Lai et al 
(1982) observed a decrease in the uptake 
of dopamine in rats by hypothalamic 
synapiosomes. This decrease was age-
dependent for i l disappeared after 100 
days of manganese treatment, Ihese most 
important observations recall similar 
evidence for peripheral increases in dopa
mine turnover in Ihe early phases of 
human Parkinson's disease which we had 
previously published (Barbeau, 1968; 
Barbeau and Trombitas, 1969; Monlp la i -
tirand Barbeau. 1969). In further exper
iments (Lai , Leung and L im, 1981, 1982; 
Lai et al., 1981; Leung, Lai and L im, 
1981), it was shown that life-long expo
sure lo high manganese levelsappeared lo 
abolish the age-related decreases in ace
tylcholinesterase, in glutamic acid decar
boxylase, in N A D-1 inked isocilric dehy

drogenase and in choline acetyl transferase 
activities. If these important findings can 
be confirmed by others, the role of man
ganese in the prevention of agingchanges 
wil l have to be considered seriously. 

In summary, experimental chronic 
manganese poisoning appears lo be 
accompanied by decreases in ihe concen-
t ra i i on of dopamine in ihe caudate 
nucleus, bui this seems to be age and spe
cies dependent. No direct correlation has 
yel been made with the state of pigmenta
t ion of the substantia nigra. 

Conclusions 

The accumulated evidence reviewed 
above, be it clinical, pathological, exper
imental or biochemical, indicates lhal 
Parkinson's disease in iis idiopathic form, 
and chronic manganese intoxication, are 
not identical entities. Statements such as 
"Parkinson's disease is a form of chronic 
manganese poisoning" are therefore no 
longer valid. High manganese concentra
tions in the striatum are associated with 
extrapyramidal dyskinesias of the hyper
kinetic type. Only the bradykincsia of low 
level chronic manganese intoxication, with 
its accompanying low striatal dopamine 
concentration and substantia nigra depig
mentation,can be correlated wi lh what is 
seen in Parkinson's disease. But it should 
always be remembered that this brady
kinesia is only one part, and not Ihe most 
important one, of the clinical picture of 
chronic manganism, which is a much 
more complex multi-system disease. 

Nevertheless llie numerous similari
ties are still intriguing. Manganese could 
stil l play a role in Parkinson's disease. 
This is what we wi l l analyze in ihc third 
part of Ihis essay. 

Ill, WHAT IS THE ROLE OF 
MANGANESE IN PARKINSON'S 

DISEASE? 

In ihc above Iwo parts we reviewed 



lie three different pathways followed by 
'olzias. Donaldson and Barbeau lo reach 

i very similar general conclusion: that 
unnganese has a role lo play in the 

i>athogencsis of some extrapyramidal 
lisorders. Mosl of the landmark observa-

1 ions and experiments have been made by 
1 ieorge Co iz ias and his c o l l a b o r a t o r s , 
wh i le J o h n D o n a l d s o n i m p r o v e d o u r 
unde rs tand ing o f the m o d e o f a c t i o n o f 
manganese w i t h his d e m o n s t r a t i o n o f the 
l a c i l i l a l i o n by th is t race e lement o f the 
t u l o x i d a t i o n o f d o p a m i n e and Ihe e n 
hanced p r o d u c t i o n o f free rad ica ls , w h i c h 
i n increase i n manganese va lency can 
fac i l i ta te . U n f o r t u n a t e l y m y o w n c o n t r i 
b u t i o n is more esoter ic, w i l h a d i rec t c h a l 
lenge at the basic tenet o f ihe p rev ious 
pub l i ca t i ons : that p a r k i n s o n i s m is a f o r m 
of ch ron i c manganese po i son ing . T h e 
evidence, as rev iewed by me, ind icates 
ra ther that the c l i n i ca l p i c t u re o f acute 
;tnd sub-acute manganese i n t o x i c a t i o n is 
more a k i n t o d y s l o n i a t h a n l o p a r k i n s o n 
ian r i g i d i t y . T h e observed p a t h o l o g y i n 
i he s t r i a t u m and p a l l i d u m is m a i n l y c o m 
pat ib le w i t h the c l i n i ca l p i c tu re o f hyper 
k ine t i c dysk ines ia . F i n a l l y , the e x p e r i 
menta l feeding o f manganese t o ra ls and 
monkeys results in dysk ines ia and p a t h o 
log ica l lesions i n ihe s t r i a t u m and p a l l i 
d u m , les ions w h i c h are n o t usua l l y 
encountered i n Pa rk inson ' s disease. O n 
ihc o ther h a n d , there remains one very 
i m p o r t a n t s i m i l a r i t y between the I w o 
en t i t i es : t he s u b s t a n t i a n i g r a c a n be 
dep igmented and d o p a m i n e concen t ra 
t ions i n the s t r i a t u m can be decreased 
when exposure t o manganese is o f l o n g 
d u r a t i o n . W h y then is there s t i l l c o n f u 
s ion a b o u t the ro le o f manganese i n basal 
gangl ia diseases? I n the f o l l q w i n g pages, I 
w i l l express my o w n i n t e r p r e t a t i o n o f ihe 
above noted facts and observa t ions . 

A Few W r o n g A s s u m p t i o n s : 

I . The te rm "basal ganglia" is n o l 
a lways u t i l i zed in i is p r o p e r c o n n o t a t i o n . 
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l l shou ld never be used as re f lec t ing a 
homogeneous nucleus. D iso rde rs where 
the lesion is in Ihe caudate nucleus are not 
necessari ly Ihe same as those a f fec t ing the 
p a l l i d u m o r (he substant ia n ig ra . This t ru
ism is u n f o r t u n a t e l y t o o o f ten neglected 
by non-c l in i ca l scientists. Dys ton ia mus
c u l o r u m d e f o r m a n s , W i l s o n ' s disease, 
H u n t i n g t o n ' s cho rea a n d Pa rk inson ' s 
disease are a l l d isorders o f I he "basa l gan
g l i a " , but the i r c l i n i ca l p resenta t ion is 
q u i t e d i f f e ren t , l l w o u l d thus be very 
i m p r o b a b l e f o r one an ima l exper imenta l 
mode l l o represent a l l o f these ent i t ies al 
once. 

2. T h e substantia nigra "depigmen
tation "\s o f ten t hough o f as represent ing 
a decrease i n Ihe p i g m e n t a t i o n o f cells 
w i t h i n l h a l nucleus. I n fact , th is paller 
appearance results f r o m death o f a number 
o f cells w i l h loss o f the i r me lan in pig
ments. These are released outs ide the 
remnants o f the cel l and phagocy iosed by 
g l i a l cells w h o ca r r y t h e m t o ne ighbour-
ingcap i l l a r ies . One must there fore search 
f o r ihe cause o f cel l dea th o r f ragi l i ty 
ra ther t han t r y l o unrave l phenomena 
w h i c h w o u l d " d e m e l a n i z e " thc substant ia 
n igra cel ls. I t seems to me t h a i the loss of 
ihe p igmented cellu precedes the decrease 
i n s t r ia ta l dopam ine and n o l t h a i some 
defect in dopam ine synthesis results in 
i n c o m p l e t e me lanogencs i s ( a l o n g the 
m o d e l o f wha t occurs l o tyros inase in 
a l b i n i s m in Ihe in teguments ) . I f l h a l is so, 
one shou ld s tudy thc ro le o f me lan in pig
ments i n Ihe homeostatism o f these spc-

- cial ized cells and investigate what happens 
t o his homeos ta t i sm in ag ing , in Parkin
son's disease and i n ch ron i c manganese 
po i son ing . Tha t d o p a m i n e is impor tant 
i n m e l a n o g e n e s i s c a n n o t be denied 
( G a r c i a - C a r m o n a *•/ al, 1981); t h a i it is 
the neu ro t ransmi t t e r mos l af fected in 
manganese i n t o x i c a t i o n is a lso a fact 
(Co tz ias et al 1976). W h a t is s t i l l uncer
t a i n , is the sequence i n w h i c h such events 
occur . D e t e r m i n i n g (hat sequence is of 
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ihe u tmost i m p o r t a n c e t o unde rs tand ing 
Ihe role o f manganese i n basal gangl ia 
diseases. 

Some I m p o r t a n t D e d u c t i o n s 

I. The role of melanin. Contrary lo 
lipofuscin, neuromelanin in substantia 
nigra, locus coeruleus and dorsal nucleus 
of the vagus is nol an aging pigment. It is 
a homeostatic regulator of free radicals. 
In other words i l protects certain special
ized cells f rom the accumulation within 
Iheir inner space of loxic substances, tike 
free radicals, by scavenging them. Other
wise the cell membranes, or more proba
bly the organelle membranes, would he 
damaged, leading lo cell death. This 
occurs mainly in cells which produce 
catecholamines (dopamine and noradren
aline), because these are the neurotrans
mitters most susceptible lo autoxidal ion. 
Neuromelanin is thus a controller, or 
regulator, of dopamine cell growth and 
maintenance. Neuromelanin accumula
tion increases with phytogeny and is most 
important in primates where the dopa
mine pathways are most active. In this 
context, "activity"means turnover rate'as 
much as spread of ihe network. When
ever turnover rale ("activity") of dopa
mine exceeds the capacity of the melanin 
pigments lo scavenge the free radicals 
produced from dopamine, these toxic 
substances accumulate within the cells 
and damage their energy mechanism and 
iheir structure. Cell death may result and 
then phagocytosis of ihe abandoned pig
ments. In my view, therefore, neurome
lanin is a necessary protector of substan
tia nigra cells. Because of Ihe very nature 
of these products, it is only when one 
"overloads" the protective mechanisms of 
ihe cells lhat disease results, not when the 
pigment itself is sick. 

2. Consequence of nigral "depigmen
tation": when substantia nigra celts die 
and lose their melanin pigments, the 
nigro-slrialal fibers originating from that 

nucleus and reaching the striatum also 
disappear. Since dopamine is produced in 
these cells and liberated in the caudate 
and pulamen. there results a decrease in 
the concentration of dopamine in ihe 
striatum. Clinically thc manifestation of 
this " low dopamine syndrome" is brady
kinesia. This symptom cannot be equaled 
to Parkinson's disease. It is part of that 
disorder, but i l is also present in other 
enlities: Shy-Drager, some ol ivoponto
cerebellar atrophies, and chronic manga-
nism, particularly after long exposure. At 
no time does such a sequence of events 
result in the pathological lesions observed 
in the striatum and pallidum in manga
nese poisoning. Ol her events must ex plain 
Ihese lesions. 

3. The lesions in the strio-pa/lidum: 
Ihese lesions are Ihe only ones that can 
explain thc hyperkinetic dyskinesias 
observed in manganese intoxication, f o r 
some reason, trace elements lend to 
accumulate within these nuclei. This is 
true for iron in Hallervorden-Spatz dis
ease and for copper in Wilson's disease. It 
is also a fael for manganese after expo
sure to the metal or afier chlorpromazine. 
l l is this very accumulation of (he divalent 
cations which des(abilizcs (race element 
homeostatism within the cells, probably 
by displacement, and eventually kills 
them. We have seen above lhat manga
nese blocks c A M P formation in post
synaptic regions, Ihus interrupting ihe 
chain of neurotransmission. Similarly, 
Meir iand Rahamimoff( 1974) have shown 
that manganese decreases reversihly the 
amount of transmitter liberated presy-
naptically by nerve impulse. A l l these 
phenomena are compatible wi lh (he dys
tonia and abnormal postures observed 
during the "overload" period of manga
nese intoxication, a period during which 
M M n turnover as well as dopamine tur
nover have been found to be more rapid. 
A similar mechanism wi lhin Ihe dopami
nergic meso-limbic system could suffice 
io explain the early psychotic episodes 
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("locura manganica"). However none of 
Ihese direct actions can explain what 
occurs in Ihe substantia nigra, nor the 
clinical accompaniment of bradykinesia. 
Unless major cell damage has been per
petuated in the striatum and pallidum, 
the symptoms of dystonia are reversible 
with lime, after removal from the source 
of exposure. 

4. llie lesions in the substantia nigra. 
These are the most important for those of 
us trying to understand idiopathic Par
kinson's disease. I would like to propose a 
new model for their pathogenesis, based 
on our understanding of the role of mela-
nogenesis in the substantia nigra (see 
above). The necessary event is an increased 
turnover of dopamine. Once this occurs, 
autoxidation of the amine increases and 
free radicals are produced in quantity 
within cell bodies, eventually overflowing 
the capacity of melanin to scavenge them 
(binding to render non toxic). The free 
radicals then kill the cells. Melanin is 
released, phagocytoscd and removed from 
the scene where gliosis follows. As a con
sequence, nigro-slriatal fibers decrease in 
number, less dopamine can be liberated 
within (he striatum and bradykinesia 
appears. The dopamine receptors in the 
striatum become supersensitive (denerva
tion supersensitivity) and react to exo
genous inputs of dopamine or agonists 
with the production of dyskinesia. Most 
of that sequence was well known; what is 
original is the need for an increase in 
dopamine turnover as a trigger event (o 
this sequence. This increased turnover 
has indeed been noled in manganese 
intoxication (Shukla and Chandra, 1981; 
Lai et al, 1982), in phenolhiazine intoxi
cation (Barbeau 1968) and in early Par
kinson 'sdiseasc(Barbeau, 1968, Barbeau 
and Trombitas, 1969). ll is important to 
stress that this is a transient event, always 
occuring very early in the process. It does 
not have to continue throughout Ihe 
duration of Ihe illness, once destabiliza-
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tion of the regulatory homeostatism in 
the substantia nigra has taken place. It is 
thus veritably a trigger event. 

5. The site of the trigger process: lo 
increase dopamine turnover, it is neces
sary to functionally block the transmis
sion process al the synapse or to disregu-
lale the feedback information mechanism. 
This can be accomplished al the post
synaptic level by interfering wilh Ihe 
receptor sites (Haloperidol acts there), or 
(he second messenger mechanism (man
ganese blocks cAMP forma(ion) or at 
pre-synaptic sites by blocking release of 
the transmitter (manganese). Whenever 
such a block occurs, dopamine turnover 
will increase in order to overcome the 
block. This means a considerable demand 
on the synthetic machinery in the cell 
bodies. 

In idiopathic Parkinson's disease, 
one does not, of course, know the nature 
of the trigger event to early increased 
dopamine turnover. It could be the use of 
phenothiazines or other neuroleptics to 
treat psychiatric disturbances; it could be 
hormonal influences (like thyroid hor
mone or estrogens) modifying the reactiv
ity of the dopamine receptors; it could be 
(he use of amphetamines (dopamine 
releasers) in reducing diets; il could be 
organ-specific or receptor specific, auto
immune reactions; it could even be a tran
sient exposure (o larger amounts of a 
trace metal like manganese. As far as I am 
concerned, what ever Ihc trigger event, it 
should acl preferentially at synaptic nerve 
endings, not at Ihe level of cell bodies. For 
our discussion, this means lhat (he trigger 
event acts in the striatum or limbic sys
tem, not in the substantia nigra itself. 

6. The rote of genetic predisposi
tions: There is now growing evidence 
(Barbeauand Pourcher. 1982; Roy, Boyer 
and Barbeau, 1982) thai genetic factors 
play an important role in Parkinson's dis
ease and even in the reaction of individu
als to neuroleptics. We have also clearly 
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identified familial sub-groups of Parkin
son's disease. Such genetic predisposition 
could be manifested by anomalies at one 
or more of three different levels: I) at the 
post-synaptic membrane, where an anom
aly could occur at the structural level 
(proteins) or in the biochemical mecha
nism controlling secondary transmission 
(for example a defect in the adenylate 
cyclase mechanism or in phospholipid or 
methionine metabolism); 2) in the meta
bolism of dopamine itself (particularly 
ihe methylaling mechanism with forma
tion of abnormal methylated metabolites); 
3)in the substantia nigra wheredopamine 
is produced. In the latter site an anomaly 
could occur in the composition of the 
scavenging mechanism in melanin. For 
example the binding of manganese to a 
specific protein or as a constituent metal-
loproiein like superoxide dismutase 
(Keele, McCord and Fridovich, 1970; 
Scruton, 1971; Foradoriand Dinamarca, 
1972; Weisigcr and Fridovich, 1973; 
Bonilla, 1977; Vanclla et al, 1982) could 
be deficient or abnormal, leading to eas
ier escalation of (he valency range from 
Mn" lo Mn"* and lo more toxicity when 
ihis ion combines with available free rad
icals, as was proposed by Donaldson and 
Graham (see above). It is interesting that 
mitochondrial superoxide dismutase 
(which is a manganese form) was shown 
to increase in concentration with normal 
aging (Vanella etal, 1982). 

All Ihese possibilities must be stu
died systematically before any firm con
clusion can be drawn, bui it is evident that 
1 genetic susceptibility may exist in some 
patients lo Ihe production of an increased 
dopamine turnover, or to ihe detoxifica
tion of loxic substances in the substantia 
nigra. Once a trigger event has initialed 
the process, nigro-slriatal degeneration 
will take place and will be a self-
pcrpetuaiing phenomenon because of thc 
ever decreasing pool of dopamine-
producting cells, with the eventual clini
cal production of bradykinesia. In Ihis 

respect, it is interesting to note thai in 
familial juvenile Parkinsonism where the 
disease starts early, a probable congenital 
absence of neuromelanin in (he substan
tia nigra has recently been reported 
(Narabayashi, 1981). 

CONCLUSIONS 

I. In (his essay wc first review the 
important contributions of Dr. George 
Coizias to the understanding of chronic 
manganese intoxication and of manga
nese metabolism in man and animals. We 
also indicate the original contribution of 
Dr. John Donaldson to the mechanism of 
the neurotoxicity of manganese. 

2. In a second phase, the author 
challenges the tenet that Parkinson's dis
ease is a form of chronic manganese 
intoxication and that manganism is an 
experimental model for Parkinson's dis
ease. Clinical, pathological, experimental 
and biochemical evidence are brought (o 
bear on (his argument. 

3. Thirdly, Ihe author proposes (hat 
ihe necessary event lo the so-called 
"depigmentation" of the substantia nigra 
and subsequent bradykinetic "low dopa
mine" syndrome is an early enhanced 
turnover of dopamine. Manganese intox
ication is only one of the factors which 
may serve as a trigger to Ihis event. Many 
others are al.so listed. 

4. In opposition (o current views. 
who look for casual factors in Parkin
son's disease along the pathways for 
melanogenesis, (he author thus proposes 
a novel hypothesis which envisions a var
iety of transient "(rigger fac(ors"act ing at 
the dopamine synapse to increase dopam
ine turnover. In turn, this increased syn
thesis of dopamine favours the produc
tion of large quantities of free radicals 
within the cell bodies in the substantia 
nigra, eventually overflowing Ihe sca
venging capacity of neuromelanin and 
their protective barrier and causing cell 
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death. The resulting decreased pool of 
dopamine-producing cells leads to a self-
perpetuating situation of ever increasing 
demand on the remaining cells, and "pro
gression" of the disease. 

5. Finally the author stresses the 
fact that genetic factors may play a role in 
an individual 's susceptibi l i ty lo such 
triggers. Again defective manganese trans
port, metabolism or binding are only 
some of Ihe mechanisms possibly under
lying such genetic predisposition to in 
duced basal ganglia disorders. 

6. Further studies relating to man
ganese in these disorders and particularly 
in Parkinson's disease should focus not 
on the " in tox icat ion" part of thc overload 
and iis striato-pallidal consequences, but 
on the intimate mechanism of destabitiza-
l ion of the homeostatic regulator in neu
romelanin bearing cells, even after the 
exposure period. 
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t h i rd series of expe r imen ts . T h e a i m o f 
these studies was t o d iscover whether 
manganese of fered p romise as a genera
to r o f free radica ls i n some o the r system 
o f o b v i o u s b i o l o g i c a l s i g n i f i c a n c e . 
Melanin had been descr ibed as indeed 
he ing r ich i n free rad ica ls . H a i r , selected 
o n (he basis o f its c o l o u r , was f o u n d t o 
c o n t a i n increas ing concen t ra t i ons o f free 
radica ls w i t h inc reas ing darkness o f t he 
specimens. M e l a n i n was thus s tud ied b i o 
chemica l l y . I t was shown (Co tz i as , Papa-
vus i l tou and M i l l e r , 1964) tha t d a r k s t ruc 
tures o f every i n d i v i d u a l e x a m i n e d c o n 
ta ined m u c h h igher concen t ra t i ons o f 
manganese than d id i he w h i l e ones. I n 
v iew o f t h i s f i n d i n g manganese was 
assigned to the final, auto-oxidative steps 
of melanogenesis and a large series of 
invest igat ions, pa r t i cu la r l y w i l h B o r g and 
V a n W o e r t , led to ihe conc lus i on tha t 
me lanosomes . o r spec i f i c c y t o p l a s m i c 
o rgane l les ( P o l y m e l a n o s o m e s ) , are t o 
melanocytes what m i t o c h o n d r i a arc l o 
non -p igmen ted cells: b o t h c o n t a i n large 
concen t ra t ions o f manganese and free 
radica ls (P rasad , J o h n s o n and Co i z i as , 
1965; V a n W o e r t . N i cho l son and Co tz ias , 
1967). 

I n p r imates the greatest in tens i ty o f 
p i gmen ta t i on is in the substantia nigra 
(Schcrer . 1939). I t is we l l k n o w n , o f 
course, that severe d e p i g m e n t a t i o n occurs 
in the substant ia n ig ra , i n the locus c o e r u -
lueus and i n the do rsa l nuc leus o f the 
vagus i n Park inson 's disease, bu t i l is less 
wel l recognized tha t these areas are in tac t 
in a lb inos (Fo ley and Bax te r , 1958). T h e 
cells o f the substant ia n igra appear t o be 
melanocytes and t o c o n t a i n free radica ls 
( B o r g . 1974). Spec t ra l s tudies o f (he p i g 
ment o f the subs tan t ia n ig ra led l o a bet
ter unde rs tand ing o f the b iochemis t r y o f 
n c u r o m e l a m i n ( V a n W o e r t , 1974; V a n 
Woer t and A m b a n i . 1974). Thus no t y ros 
inase is present i n Ihe substant ia n i g r a . 
O n the o ther h a n d , d o p a m i n e is easi ly 
a u t o - o x i d i z e d t o f o r m m e l a n i n . I h e 
sem iqu inone free rad i ca l o f m e l a n i n can 
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act as an e lec t ron acceptor . F i na l l y , i t was 
s h o w n that m e l a n i n is a lso react ive w i t h 
several d rugs , pa r t i cu la r l y pheno lh iaz ine 
c o m p o u n d s . T h e link between manga
nese, melanin, and the extrapyramidal 
system had n o w been made , (Co tz ias , 
1966) and i l was permiss ib le l o s tudy ihe 
m e t a b o l i s m o f th is t race e lement i n a var
iety o f d isorders o f movement . T h i s w o u l d 
be the nex t , and most i m p o r t a n t , phase of 
D r . Cotz ias 's w o r k . 

The s tudy o f m iners exposed lo 
chronic manganese overload was the nat
u ra l f o l l o w - u p l o these baste observa
t i ons , pa r t i cu la r l y since many o f the m i n 
ers presented w i l h e x t r a p y r a m i d a l symp
toms . Th is was accompl ished w i t h the 
c o o p e r a t i o n o f C h i l e a n n e u r o l o g i s t s 
(Co tz ias , B o r g and Ber t inchamps.1960; 
M e n a et al, 1967; Co tz ias et alt 1968). l l 
was s h o w n tha t ch ron i c manganese poi
s o n i n g d i f f e r s f r o m W i l s o n ' s disease. 
Su rp r i s i ng l y tissue burdens o f manganese 
were f o u n d t o be h igher in " h e a l t h y " m in 
ers t han i n ex -miners removed f r o m (he 
mines because o f the i r ex t rapy ram ida l 
disease or men ta l changes ( " locu ra man-
g a n i c a " ) . These s y m p t o m s inc luded 
b radyk ines ia , pos tu ra l d i f f i cu l t i es , p rom
inent r i g i d i t y , some t r e m o r and occasion
a l l y s ign i f icant dys ton ia . T u r n o v e r or 
rad ioac t i ve manganese was s igni f icant ly 
faster i n "hea l t hy " exposed miners t han in 
(he e x t r a p y r a m i d a l pat ients or t han in 
c o n t r o l n o r m a l subjects. H a i r manganese 
c o n c e n i r a t i o n was on l y elevated in thc 
" h e a l t h y " exposed miners . T h u s ihese 
observat ions demons t ra ted lha t manga
nese ove r l oad was present on l y dur ing 
exposure and was no t in pa ra l le l t o the 
presence o f e x t r a p y r a m i d a l s y m p t o m s . It 
15 thus not necessary to maintain high 
tissue levels of manganese to have neuro
logical disease. This cap i t a l , and unex
pec ted , f i n d i n g d i f f e r e n t i a t e d chronic 
manganese po i son ing f r o m Wi lson 's d i t 
ease a n d , as n o w p red ic ted , chelating 
agents were o f no value i n t rea tment , ll 
was thus necessary t o t u r n t o o the r posii 
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ble therapeut ic approaches. 
Melanocyte-siimulating hormone ( f l -

MS1 I ) is capab le , i n i n t e g u m e n t a l me lan 
ocytes, o f increas ing m e l a n i n depos i t ion 
( l .erner , S h i z u m e and B u n d i n g . 1954). 
This p h e n o m e n o n is w e l l - k n o w n in f rogs. 
fl-MSH can also reverse Ihe effects o f 
ch lo rp romaz ine ( K r i v o y and G u i l l e m i n , 
1961). F o r these t w o reasons, 0 - M S H 
was t r i ed in P a r k i n s o n i a n pat ients i n an 
ef for t l o r e p i g m e n l Ihe damaged subs tan
tia nigra (Co iz ias , V a n Woer t and Schi f fer , 
1967). U n f o r t u n a t e l y the Pa rk i nson ian 
slate was revcrs ib ly aggravated by the 
a d m i n i s t r a t i o n o f th is h o r m o n e and th is 
approach was a b a n d o n e d . 

The L - D o p a S to ry 

A t th is stage i n o u r s to r y it w o u l d be 
of interest t o a b a n d o n Cotz ias and his 
studies and t o t u r n back a few years to my 
own l a b o r a t o r y t o unde rs tand the back
ground f o r the next i m p o r t a n t phase o f 
ihe Cotz ias saga. A s I was c o m p l e t i n g my 
post-graduate studies in M o n t r e a l in 1956 
and 1957, i m p o r t a n t deve lopments were 
occur ing i n the unde rs tand ing o f b i o 
chemical events w i t h i n the basal gang l ia 
of (he b r a i n . Car lsson et al. (1958), Bert ler 
and Rosengren (1959) , as we l l as Sano 
and c o l l a b o r a t o r s (1959) had d e m o n 
strated the presence o f d o p a m i n e w i t h i n 
the b r a i n , and p a r t i c u l a r l y w i t h i n thc 
basal gangl ia . W h i l e t r a i n i n g in neuro
logy in C h i c a g o i n 1958, 1 had the p lea
sure o f l i s ten ing t o Professor Car l sson 
lectur ing at a mee t i ng in W a s h i n g t o n . A t 
Ihe t ime , I had been s t u d y i n g ca techo la
mine excre t ion i n va r ious neuro log ica l 
disorders, and had f o u n d abnorma l i t i es 
in the u r ine o f P a r k i n s o n i a n pat ients 
(Barbeau, 1961). A f t e r that lecture, I 
decided l o s(udy the specific exc re t i on o f 
dopamine \n Pa rk inson ' s disease. I n these 
pre l iminary s tudies, as we l l as in more 
detailed la(er inves t iga t ions in Professor 
Sourkes* l a b o r a t o r y in 1959 and I960 
(Barbeau, M u r p h y and Sou rkes , 1961) 
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we were able i o c lear ly demons t ra te a 
s ign i f i cant ly decreased u r i na r y excre t ion 
o f d o p a m i n e in Park inson 's disease, l l is 
o f interest t o note that wh i l e I was car ry 
i n g o u t these exper imen ts , one o f my 
g o o d f r iends, a lso t r a i n i n g a l the Un iver 
s i ty o f C h i c a g o , was D r . M e l v i n V a n 
W o e r t , w h o was l o p lay such an impo r 
tant ro le i n the s tudy o f me lan in in D r . 
C o t z i a s ' l a b o r a t o r y and w h o , t h roughou t 
the years between I959 and 1967, kept in 
(ouch w i t h me and my D O P A studies. 

A t the same ( ime and independent ly , 
Ehr inger and H o r n y k i e w i c z ( I 960 ) re
po r ted s im i la r d o p a m i n e def ic i ts in (he 
b ra in o f Pa rk i nson ian pat ients , pa r t i cu 
la r l y i n the basal gangl ia . It was thus nat
u ra l f o r b o t h ou r g roups to a t tempt 
replacement therapy w i t h d o p a m i n e , but 
th is fa i led because o f ihe b l ood -b ra in bar
r ier to d o p a m i n e i tself . We then tu rned to 
Ihe na tu ra l precursor : L - D O P A . (Bar
beau, 1961; B i r kmaye r and Ho rnyk ie 
w icz . 1961; Barbeau 1962), either in t ra
venous ly or o ra l l y ; f o l l o w i n g the crucia l 
observat ions o f Car l sson , l . indquis t and 
Magnusson (1957) who had demonstrated 
that L - D O P A cou ld reverse ihe ex t rapy 
r a m i d a l symp toms induced by reserpine. 
As is w e l l - k n o w n , these ear ly exper iments 
i n Park inson 's disease were successful 
and ihe phys io log ica l reversal of r ig id i ty 
and akinesia i n Park inson 's disease was 
c lear ly demons t ra ted . A l t h o u g h (wo s im
i la r studies were subsequent ly negative 
( M c G e e r and Ze ldow icz , 1964; Feh l ing 
1966), by 1968 the bu l k o f 32 pub l i ca t ions 
were suppo r t i ve o f these f ind ings (Bar
beau, 1969). I had the pr iv i lege l o present 
o u r o w n results w i t h L - D O P A in B rook 
haven , in D r . Co i z i as ' depar tment , on 
t w o occasions, in 1963 and 1966. and to 
discuss w i t h h im the therapeut ic potent ia l 
o f i h i s a p p r o a c h , w h i c h was then ex
t remely expensive. By (he second visit to 
L o n g I s l and , D r . Cotz ias had just c o m 
pleted his fl-MSH studies and was postu
l a t i n g t h a i the h o r m o n e was sh i f t i ng 


